ABSTRACT: We created subject-specific musculoskeletal models of the thoracolumbar spine by incorporating spine curvature and muscle morphology measurements from computed tomography (CT) scans to determine the degree to which vertebral compressive and shear loading estimates are sensitive to variations in trunk anatomy. We measured spine curvature and trunk muscle morphology using spine CT scans of 125 men, and then created four different thoracolumbar spine models for each person: (i) height and weight adjusted (Ht/Wt models); (ii) height, weight, and spine curvature adjusted (þC models); (iii) height, weight, and muscle morphology adjusted (þM models); and (iv) height, weight, spine curvature, and muscle morphology adjusted (þCM models). We determined vertebral compressive and shear loading at three regions of the spine (T8, T12, and L3) for four different activities. Vertebral compressive loads predicted by the subject-specific CT-based musculoskeletal models were between 54% lower to 45% higher from those estimated using musculoskeletal models adjusted only for subject height and weight. The impact of subject-specific information on vertebral loading estimates varied with the activity and spinal region. Vertebral loading estimates were more sensitive to incorporation of subject-specific spinal curvature than subject-specific muscle morphology. Our results indicate that individual variations in spine curvature and trunk muscle morphology can have a major impact on estimated vertebral compressive and shear loads, and thus should be accounted for when estimating subject-specific vertebral loading. Keywords: subject-specific; musculoskeletal model; spine curvature; trunk muscle morphology; vertebral loading Musculoskeletal models, comprised of multi-body systems of rigid bodies that are interconnected by joints and musculo-tendon actuators, are useful tools for estimating the forces that occur on muscles, bones, and joints in vivo.
Musculoskeletal models, comprised of multi-body systems of rigid bodies that are interconnected by joints and musculo-tendon actuators, are useful tools for estimating the forces that occur on muscles, bones, and joints in vivo. 1 Models of the human spine and trunk are used to estimate spinal loads and trunk muscle forces during daily activities or occupational tasks with the goals of understanding basic spine biomechanics, evaluating risk of injury, or optimizing the performance of a particular activity. Prior studies have typically used generic musculoskeletal models of the spine that do not incorporate subject-specific traits that may influence the model outcomes. The degree of anatomical detail incorporated into these models varies widely, from simple sagittally symmetric models with a lumped spinal extensor muscle group at a fixed distance from the spine, [2] [3] [4] to sophisticated threedimensional models with numerous musculo-tendon actuators, realistic skeletal anatomy, and multiple degrees of freedom. [5] [6] [7] [8] Models that are more anatomically realistic were developed to improve the accuracy of trunk loading predictions. However, the utility of these models is still limited by their generic nature. Factors such as body mass, trunk muscle morphology, and spine curvature vary markedly between individuals and may have a strong effect on the in vivo loads generated by the trunk muscles and applied to the spine. 9, 10 Subject-specific models are required to investigate how variations in trunk anatomy influence spinal loading patterns and may ultimately provide insights into the factors that contribute to spine injury and back pain.
Medical imaging, such as computed tomography (CT) or magnetic resonance imaging (MRI), can provide subject-specific measures of muscle morphology and bony anatomy that can be incorporated into a subjectspecific model. Whereas numerous studies have incorporated subject-specific measures of muscle and/or bony anatomy into models of the extremities, [11] [12] [13] [14] [15] [16] [17] efforts to incorporate imaging-based measures of trunk anatomy into spine models have been limited. For instance, a few studies have incorporated subjectspecific spine curvature [18] [19] [20] into models already scaled for height and weight. Other studies have used muscle morphology parameters predicted by regression 10, [21] [22] [23] to adjust spine models. However, no studies have incorporated both subject-specific spine curvature and muscle morphology into a musculoskeletal model of the spine, and systematically examined the resulting effects on vertebral loading estimates. Thus, the objective of the current study was to determine the extent to which vertebral loading estimates derived from a musculoskeletal model of the thoracolumbar spine are sensitive to variations in trunk anatomy during different activities. To accomplish this, we generated subject-specific spine models that incorporate individual spine curvature and muscle morphology measures from clinical CT images of the trunk. We hypothesized that vertebral loading estimates derived from spine musculoskeletal models that incorporate subject-specific anatomy would differ from those derived from models that are simply adjusted for subject height and weight. Also, we hypothesized that the effect of subject-specific models on estimated vertebral loadings depends on spinal levels and activity.
MATERIALS AND METHODS

Baseline Musculoskeletal Spine Models
We have previously reported details regarding the development and validation of a musculoskeletal model of the thoracolumbar spine 24 ( Fig. 1) . The subject-specific spine models used in this study were created by adjusting this baseline model. In brief, the baseline model was created using OpenSim musculoskeletal modeling software, 1 and includes a fully articulated thoracolumbar spine and rib cage, a lumped head and neck body, and the upper extremities. The skeletal anatomy was based on CT scans of a 50th percentile male (height ¼ 175 cm, weight ¼ 78 kg) taken from the OpenSim geometry file library. 1, 25 The positions and orientations of the vertebrae, defining the sagittal curvature of the spine, were based on average measurements available in the literature of thoracic kyphosis and lumbar lordosis equal to 42˚and 25˚, respectively. 26, 27 The size and shape of the rib cage were derived from previously published morphometric equations. 28 Adjacent vertebral bodies are connected via ball joints that provide three rotational degrees of freedom (flexion/extension, lateral bending, and axial rotation) and also transfer joint reaction forces between the adjacent bodies
The major muscles that attach to the trunk were incorporated into the models using 552 individual Hill-Type musculo-tendon actuators, simulating the detailed anatomy, and multi-level attachments of these muscle groups (Fig. 1) . In the development of the baseline model, muscle cross-sectional areas (CSA) and positions were initially taken from various sources (cadaveric measurements and prior musculoskeletal models) and then adjusted to match average measures of muscle CSA and position derived from CT scans from a sample of adult men enrolled a population-based cohort study. 24, 29 The algorithms that we used to adjust muscle group CSA and position according to the CT scans were described in detail previously, 24 and were used in the current study to create subject-specific models matching each individual's CT-based measurements of muscle morphology (described below). As previously described, the CSA of each trunk muscle in the model is multiplied by a constant maximum muscle stress of 100 N/cm 2 to determine maximum isometric strength. 24 Subjects and Acquisition of 3D-QCT Scans of the Trunk Subjects included 125 men from the Framingham Heart Study (FHS) Multidetector CT Study, a community-based cohort study in which participants had previously undergone abdominal and chest CT scans to measure coronary, aortic, and valvular calcium. 30 We conducted an age-stratified sampling of men in whom all spine levels between T6 and L4 were included in their CT scans (Table 1) , selecting 25 men from each of five age-decades (40-49, 50-59, 60-69, 70-79, and over 80 yrs) to provide a broad distribution of anthropometry and trunk anatomy. This study utilized previously collected, de-identified data, and was approved by the Institutional Review Board of Beth Israel Deaconess Medical Center. The CT scans were acquired using an 8-detector helical QCT scanner (Lightspeed Plus, General Electric, Milwaukee, WI), with the following scan settings: 120 kVP, 320 mAs, in-plane pixel size ¼ 0.68 Â 0.68 mm, and slice thickness of 2.5 mm. We used the lateral 2D scout views that extended from the upper thoracic (T4) to sacral (S1) vertebral levels to measure spine curvature in each subject (described below). The chest scan imaged approximately vertebral levels T6-T12 and the abdominal scan imaged approximately vertebral levels L1-L4.
Spine Curvature Measurements
Spine curvature was measured using a semi-automated program (SpineAnalyzer, Optasia Medical, Cheadle, UK) which places six morphometry points around each vertebral body from T4 to L4 on the lateral CT scout views (Fig. 2) . The coordinates of these points were then used to define individual intervertebral angles for input into the musculoskeletal model, and to compute thoracic kyphosis (T4-T12 Cobb angle) and lumbar lordosis (L1-L4 Cobb angle) in each subject. We previously reported that the placement of the Figure 1 . ML and AP views of the baseline male musculoskeletal model used in this study. 24 The model includes a fully articulated thoracolumbar spine and rib cage, a lumped head and neck body, upper extremities, and 552 Hill-type musculotendon actuators.
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2165 morphometry points has excellent intra-and inter-reader reliability, with intraclass correlation coefficients (ICCs) greater than 0.95. 31 
Muscle Morphology Measurements
We measured CSA and positions of the trunk muscles from transverse CT scans using a commercial image-processing platform (Analyze, Biomedical Imaging Resource, Rochester, MN) that we customized for this purpose, as previously described. 32, 33 We performed measurements for the pectoralis major, rectus abdominis, serratus anterior, latissimus dorsi, trapezius, external and internal obliques, erector spinae, multifidus, psoas major, and quadratus lumborum at each vertebral mid-plane from T4 to L4 (Supplemental Table S-1). Each muscle was contoured on the left and right side of the body at the mid-vertebral level (Fig. 3) . Muscle size was calculated as average CSA within the muscle contour, and moment arms were computed as the anterior-posterior (AP) and medial-lateral (ML) distances between the muscle and vertebral body centroids (Supplemental Table S -2). The CSA's are then used to estimate physiological CSA's (PCSA's) for use in the musculoskeletal models. Reproducibility of muscle measurements was determined by having two readers measure CSA and moment arms for 26 subjects (13 W, 13 M, 58 AE 11 yrs). ICCs were >0.75 for 95% of muscle CSAs, 88% of ML moment arm lengths, and 98% for AP moment arm lengths, indicating excellent reproducibility of our muscle morphology measures.
Subject-Specific Musculoskeletal Models
For the 125 subjects, we used the OpenSim scale tool to modify the baseline thoracolumbar spine model such that the size and weight of the body segments were scaled by each subject's height and weight (Ht/Wt models). From these height-and weight-adjusted models, we then created three additional models for each subject that incorporated CTbased measures of (i) spine curvature (þC models); (ii) muscle morphology (þM models); or (iii) spine curvature and muscle morphology (þCM models). Details of incorporating subject-specific spine curvature and muscle morphology are described below (Fig. 4) . It should be noted that during scaling, components that depend on distance and length such as tendon slack length are also scaled and updated in OpenSim. The þCM models were created by adjusting the þC models for subject-specific muscle morphology. Thus, for each subject we created four distinct models: (i) Ht/Wt model; (ii) þC model; (iii) þM model; and (iv) þCM model.
Creation of Models With Subject-Specific Spine Curvature
We used vertebral morphometry points to create OpenSim musculoskeletal models with subject-specific spine curvatures. In each subject, we used the morphometry points surrounding intervertebral discs (T4-T5 to L3-L4) to identify the location of the disc centroid at each vertebral level. In a musculoskeletal model that was already scaled to match the subject's height and weight, we adjusted the locations of the intervertebral joints in the model (located at the disc centroids) to match the disc centroids obtained from the vertebral morphometry points, thus creating a musculoskeletal model that was adjusted for height, weight, and spine curvature (þC models). Figure 2 shows example spine curvature measurements, and the corresponding musculoskeletal models adjusted for subject-specific spine curvature Figure 2 . Lateral CT scout view and associated subject-specific thoracolumbar musculoskeletal spine model in a subject with low thoracic kyphosis (left) and a subject with high thoracic kyphosis (right) using a semi-automated contouring program (SpineAnalyzer, Optasia Medical, Cheadle, UK). The program places six standard morphometry points around each vertebral body (T4-L4), and we used these points to calculate Cobb angles (T4-T12 and L1-L4) and to define the curvature of the spine in subjectspecific musculoskeletal models. for two subjects: one with low thoracic kyphosis and one with high thoracic kyphosis.
Creation of Models With Subject-Specific Muscle Morphology
For each subject, we adjusted the muscles in their Ht/Wt model using their own CT-based measures of muscle CSA and AP/ML moment arms to create muscle morphologyadjusted (þM) models, using previously published methods. 24 Briefly, each muscle group in the model consists of multiple musculo-tendon actuators that may span different levels of the spine. However, our CT-based measures of muscle morphology reflect complete muscle groups, and not the CSA and moment arm of individual musculo-tendon actuators. Thus, we computed an equivalent muscle group CSA and position for the musculo-tendon actuators at each vertebral mid-plane in the model, and used these to adjust our model to the CT cohort data. 24 Similarly, we computed the centroid of the fascicles crossing the vertebral mid-plane to find the AP and ML moment arms of the muscle group relative to the vertebral centroid. 24 We did not adjust the CSA or moment arm of muscle groups that formed a large oblique angle with the transverse plane of the model, such as the serratus anterior and pectoralis major, because these musculo-tendon actuators were oriented nearly parallel to the transverse plane in the model, whereas our muscle measurements were made within the transverse plane on CT. To address this potential limitation, we performed a sensitivity study that showed that a 20% increase or decrease in the muscle strength of the serratus anterior or pectoralis major muscles did not appreciably impact the joint reaction forces (data not shown), thus we believe this approach to be reasonable. Similarly, we did not adjust the moment arms of the external and internal obliques and the latissimus dorsi, but we were able to adjust the CSA of these groups. For the erector spinae, multifidus, trapezius, psoas major, and quadratus lumborum we adjusted both CSA and AP and ML moment arms.
Finally, we created a set of models that were scaled for height, weight, spine curvature, and muscle morphology (þCM models) by adjusting muscle morphology in models that had already been adjusted for height, weight, and spine curvature. Thus, for each subject we created four distinct models: Ht/Wt model, þC model, þM model, and þCM model.
Subject-Specific Vertebral Loading Predictions
For each subject-specific model, we estimated vertebral compressive and AP loading for four different activities: (i) neutral standing; (ii) standing with a 10 kg weight in each hand and elbows flexed 90˚; (iii) 40˚trunk flexion while holding a 5 kg weight in each hand; and (iv) 10˚trunk lateral bending to the right while holding a 5 kg weight in the right hand. These activities were selected to include both nonstrenuous and strenuous activates, as well as including an activity that was not sagittally symmetric. For each subject, model type, and activity (125 subjects Â 4 models per subject Â 4 activities per model), we used an optimization routine to determine the pattern of muscle forces that would maintain static equilibrium at all spinal levels while at the same time minimizing the sum of cubed muscle activations, as previously described. 24 Compressive and AP shear loads acting at the joint center of rotation for each vertebral body were then computed, as previously reported. 24 We report loading results for three spinal levels, namely T8, T12, and L3, to reflect the mid-thoracic, thoraco-lumbar, and lumbar regions of the spine.
Statistical Analysis
To determine whether incorporating CT-based measures of spine curvature and muscle morphology into musculoskeletal spine models influenced vertebral loading predictions, we used analysis of variance to compare vertebral loading estimates from the three CT-based musculoskeletal models to loading estimates derived from models adjusted only for height and weight. Specifically, we performed a repeated Figure 4 . Schematic diagram illustrating the overall procedure for creating subject-specific musculoskeletal models. For each subject, the OpenSim scale tool was used to create height and weight (Ht/Wt models) adjusted models. Building from these Ht/ Wt-adjusted models, we then created three additional sets of subject-specific models that incorporated CT-based measures of (i) spine curvature (þC models); (ii) muscle morphology (þM models); or (iii) spine curvature and muscle morphology (þCM models). SUBJECT-SPECIFIC THORACOLUMBAR SPINE MODELS measures ANOVA with three factors to determine the effect of spinal level, activity, and different models (Ht/Wt-adjusted, þC, þM, and þCM), as well as their interactions on spinal loading estimates. Following the overall ANOVA analysis, in order to ascertain whether differences in vertebral loading predictions derived from subject-specific spine musculoskeletal models depend on the activity, we conducted an ANOVA with the dependent variable as difference between loading from subject-specific models and loading from only Ht/Wt adjusted models separately for each model (þC, þM, þCM) and each vertebral level. Tukey honest significant difference (HSD) analyses were conducted to perform pairwise comparisons. We also performed paired t-tests to compare vertebral loading estimates from the subject-specific models to loading estimates from Ht/Wt models within each vertebral level and each activity.
Finally, for each subject, we computed the percent differences and root mean square (RMS) differences in vertebral loading (at T8, T12, and L3) between the Ht/Wt-adjusted models and each subject-specific CT-based model (þC, þM, þCM). Statistical analyses were conducted using Stata/IC version 14.2 (StataCorp LP, College Station, TX), and differences were considered significant at p < 0.05.
RESULTS
Demographics of Study Subjects
The average height, weight, and body mass index (BMI) of the subset of 125 subjects used in this study generally did not differ from that of the total group of men (n ¼ 1070) enrolled in the FHS Multidetector CT Study (Table 1) . Thoracic kyphosis and lumbar lordosis varied markedly among subjects, from 14.4 to 53.0 degrees for thoracic kyphosis and from À3.8 to 38.2 degrees for lumbar lordosis (Fig. 5) . In addition, muscle morphology varied markedly, with many of the muscle CSA showing greater than threefold differences among subjects (Supplementary Table S-2). Moment arms also varied greatly; for example, the 
Subject-Specific Vertebral Loading
Vertebral compressive loads (mean AE 1 SD) are presented for the musculoskeletal model scaled for subject-specific height and weight (Ht/Wt) and for the three musculoskeletal models (þC, þM, þCM) incorporating the subject-specific CT-based trunk morphology measurements (Table 2) . Vertebral compressive loads were generally highest for standing with weight (10 kg in each hand with the elbows flexed 90˚), followed by 40˚trunk flexion with weight (5 kg in each hand), followed by 10˚trunk lateral bending with weight (5 kg in the right hand), and finally neutral standing.
Results from the ANOVA with repeated measures confirm that spinal loading depends on the activity, spinal region, and modeling approach (p < 0.01 for all the main effects). In addition, all of the interaction terms were significant (p < 0.05), indicating that the influence of the subject-specific modeling approach on loading predictions depends on the activity and the spinal level, and that the influence of the activity on vertebral loading depends on the spinal region.
Thus, the spinal location associated with the highest vertebral compressive loads depended on the activity. For instance, for standing with weights, the peak vertebral load occurred at T12, followed by L3, and then T8, whereas for trunk flexion with weights, the highest loads were observed at L3, followed by T12, and then T8. However, different loading patterns were observed for AP shear forces. For standing with weights, the peak vertebral shear forces occurred at L3, followed by T12, and then T8, whereas for trunk flexion with weights, the highest shear forces were observed at T8, followed by L3, and then T12 (Supplementary Table S-3) .
Although the average vertebral loads predicted by the different sets of models did not vary greatly, the loading predictions from subject specific models were significantly different than the models adjusted for height/weight in most cases (p < 0.05 for 32 out of 36 comparisons in Fig. 6 ). Notably, for some individual subjects there were large differences in loading estimates for the models that were scaled to subject specific trunk morphology when compared to those adjusted just for height and weight (Fig. 6 ) and, in some subjects vertebral loading estimates increased after incorporation of CT-based spine curvature and/ or muscle morphology measures, whereas in others, vertebral loading estimates decreased with inclusion of subject-specific morphology. Specifically, compared to the vertebral compressive loads predicted by the Ht/Wt-adjusted models those predicted by the models with subject-specific trunk morphology were at most À54.8% lower (during flexion) to þ31.8% higher (during standing) at T8, À47.2% lower (during flexion) to 25.8% higher (during standing) at T12, and À36.4% lower (during flexion) to 44.8% higher (during standing) at L3 (Fig. 6 and Table 3) . Similarly, compared to the vertebral shear forces predicted by the Ht/Wt-adjusted models those predicted by the models with subject-specific trunk morphology were À343.5 N lower (during standing with weight) to 398.4 N higher (during flexion) at T8, À536 N lower (during flexion) to 672.8 N higher (during standing with weight) at T12, and À227.5 N lower (during standing with weight) to 358.3 higher (during flexion) at L3 (Supplemental Fig. S-1 and Table S-3) .
Further, the compressive load differences between Ht/Wt models and those incorporating subject-specific trunk morphology were higher in the thoracic versus lumbar spine regions (p < 0.05). The models incorporating subject-specific spine curvature had a greater Figure 6 . Differences in vertebral compressive loading between models adjusted for height and weight only (Ht/Wt), and those adjusted for subjectspecific trunk morphology measurements. (A) neutral standing, (B) standing while holding a weight (elbows flexed 90˚with 10 kg in each hand), (C) 40˚trunk flexion while holding 5 kg in each hand, and (D) 10t runk lateral bending to the right, with 5 kg in the right hand. Subject specific models include those adjusted for: (i) height, weight, and spine curvature (þC); (ii) height, weight, and muscle morphology (þM); and (iii) height, weight, spine curvature, and muscle morphology (þCM). Loading differences are reported as percent difference from the Ht/Wtadjusted models. In the boxplot, the central line indicates the median, and the top and bottom edges of the box show the 25th and 75th percentiles, respectively. The whisker lines represent 95% confidence interval. The outliers are shown individually using the "x" symbol. Asterisks above the boxplot indicate significant difference from the Ht/Wtadjusted model (p < 0.05).
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influence on loading estimates than for those incorporating subject-specific muscle morphology only (þM) (p < 0.05, Table 3 and Fig. 6 ). Moreover, compressive load differences between Ht/Wt models and those incorporating subject-specific trunk morphology were greater for our most strenuous activity, namely flexion with weights, compared to the other three activities (p < 0.05, Fig. 6) .
Furthermore, the RMS differences in compressive loading between model with subject-specific curvature or muscle morphology and the Ht/Wt model predictions were higher for the more strenuous activities ( Table 3 ). The highest RMS differences between CTbased models and the Ht/Wt models occurred for the standing with weights activity (e.g., RMS difference ¼ 251 N for the þCM vs. Ht/Wt models at T12; RMS difference ¼ 208 N for the þC models vs. Ht/Wt models at T12).
DISCUSSION
This study revealed that musculoskeletal models of the spine that incorporate subject-specific, CT-based measurements of trunk anatomy can predict substantially different vertebral compressive and AP shear loads than musculoskeletal models that do not, indicating that individual variation in spine curvature and trunk muscle morphology has an important effect on in vivo spine loading predictions. Notably, after incorporation of subject-specific morphology, vertebral loading estimates increased in some individuals and decreased in others, and thus the mean differences in loading estimates across the entire sample were modest. This lack of a large difference in mean values can obscure our critical finding that in many individuals the differences in loading estimates were substantial, and failure to incorporate subject-specific morphology could lead to large errors in estimates of vertebral loading, particularly in those subjects whose spinal curvature differed the most from the values used in the baseline model. Thus, our results indicate that inclusion of subject-specific trunk anatomy may be necessary for accurate vertebral loading estimates in subjects of varied body size and shape.
Incorporating spine curvature measurements into the musculoskeletal models had a greater impact on loading predictions than incorporating trunk muscle morphology. This observation is consistent with prior studies showing that variations in spine curvature substantially influence vertebral loading. 9, 20 For instance, we previously used a musculoskeletal spine model to simulate an age-related increase in thoracic kyphosis and found that vertebral compressive loading increased with thoracic kyphosis, and that the increase in loading was greater for more strenuous activities. 9 Similarly, a prior study confirmed the important role of spine curvature on vertebral compressive loading, reporting that women with high thoracic kyphosis (mean T4-T9 Cobb angle ¼ 38˚) have greater estimated vertebral compressive loads and trunk muscle forces than women with low thoracic kyphosis (mean T4-T9 Cobb angle ¼ 25˚). 20 Of note, our statistical analyses considered subject-specific "spinal curvature" as a categorical variable (i.e., either included or not). Future studies are needed to investigate the extent to which differences in thoracic kyphosis and/or lumbar lordosis from the baseline musculoskeletal model influence compressive and shear loading predictions for different activities.
Incorporating subject-specific CT-based measures of muscle morphology into musculoskeletal models of the trunk also substantially changed predictions of vertebral loading compared to musculoskeletal models that were adjusted for subject height and weight only in all anatomical planes (compressive and shear forces). Incorporating CT-based muscle morphology had larger effects on vertebral compressive loadings for the more Table 3 . Root mean square (RMS) differences (N) between vertebral compressive loads from the models that incorporated subject-specific trunk morphology from CT-based measurements and the models adjusted for subject height and weight only. (14) 175 (9) 132 (8) 51 (8) strenuous activities, such as flexion with weight, implying that accounting for individual variation in muscle morphology may be less important for activities that do not require large muscle activations. However, for activities that require high muscle forces, factors such as muscle size (and therefore maximum isometric strength), and muscle moment arms substantially influence the predictions of vertebral compressive and AP shear loadings. Importantly, we also observed that inclusion of subject-specific parameters (þC and þM) had a slightly greater impact on loading predictions at the thoracic than at the lumbar level. This suggests the need for subject-specific data, at least in our specific musculoskeletal model, is less if one is interested only in predicting vertebral loading and muscle tension in the lumbar spine, but in turn, the need for subjectspecific data is heightened if one is interested in predicting muscle activation and vertebral loading in the thoracic spine.
A shortcoming of this study was that our muscle morphology measurements were made in the transverse plane of the body, and therefore limited our ability to adjust the area and moment arms of several major trunk muscle groups that were oblique or parallel to this plane, such as the pectoralis major and the serratus anterior. However, our sensitivity study demonstrated that likely due to their anatomical orientation, variations in morphology of the pectoralis major and serratus anterior had negligible effects on vertebral loading. Notably, we were able to adjust most of the muscle groups at multiple thoracic and lumbar spine levels (T6-L4) to reflect subject-specific anatomy. Since CT scans are 3D, future studies could utilize volumetric extraction of muscle data to increase the number of trunk muscles that could be adjusted to reflect individual subject anatomy. Additional limitations of this study were that our spine curvature measurements (T4-L4) were made from CT scans acquired in the supine position and did not include the entire spine. Although muscle moment arms and CSA measurements acquired in the supine position may differ slightly from those obtained during upright standing and flexion positions, [34] [35] [36] these differences would have likely impacted all subjects fairly uniformly, and therefore not altered our main results. We also note that the output of our model currently includes the net joint reaction force, and does not consider load sharing between the intervertebral disc and posterior elements. Nonetheless, the aforementioned limitations do not change our key finding that individual variation in spine curvature and muscle morphology significantly influence predictions of in vivo vertebral loading and should be accounted for in subject-specific musculoskeletal models of the spine whenever possible.
A major strength and innovation of this study was using clinical CT-scans to make highly reliable measurements of spine curvature and muscle morphology and then employing automated algorithms to incorporate these measures into a validated musculoskeletal model of the thoracolumbar spine. In doing so, we demonstrated the feasibility of employing clinical imaging technology in the creation of very detailed subjectspecific models. To our knowledge, this is the first largescale study that has incorporated subject-specific measures of trunk muscle morphology into detailed thoracolumbar spine models. Another strength of this study was the use of an age-stratified sample of men selected from a community-based cohort. Selecting subjects from a community-based cohort allows broader generalization of the results and is preferable to recruitment of patients from clinical settings or use of volunteers who may not be representative of the general population. Since the sample of men used in our study was representative of all the men in the entire FHS Multidetector CT cohort with respect to age, height, weight, and spinal curvature, our results are thus likely generalizable to middle to older age Caucasian men.
In conclusion, we created subject-specific musculoskeletal models of the thoracolumbar spine using measurements of spine curvature and muscle morphology from clinical CT scans and demonstrated that individual variations in both spine curvature and muscle morphology substantially influence predictions of vertebral loading compared to simple height-and weight-adjusted models. These results indicate that subject-specific spine models that account for individual variations in trunk anatomy will likely be essential to understand the differential risk of spine injury and back pain among individuals of varied body habitus.
